*CORRESPONDING AUTHOR: hami@ocean.org.il
Two different phylogenetic groups of picophytoplankton, namely picocyanobacteria and picoeukaryotes, are represented in Lake Kinneret. Three species were isolated from the lake and identified as the picoeukaryote Mychonastes homosphaera and two picocyanobacteria, Synechococcus sp. A and B. Picocyanobacterial and M. homosphaera 
cultures grew well at light intensities up to 330 and 700 µmol photons m -2 s -1 , respectively, but poorly below 10 µmol photons m -2 s -1 . Picocyanobacterial and M. homosphaera cultures photoacclimated to low light by increasing their chlorophyll per cell through increase in photosynthetic unit (PSU) size and PSU numbers, respectively. Growth rates of Synechococcus A and B were higher at temperatures characteristic of summer-autumn in the epilimnion, when maximum abundances of picocyanobacteria occur. Growth rates of M. homosphaera were higher at 14°C, corresponding to lake water temperatures during their occurrence in winter-spring. Temperature is a dominant factor influencing the seasonal dynamics of both picocyanobacteria and picoeukaryotes in Lake Kinneret, while the vertical distribution is controlled by acclimation to different light conditions. Differences in temperature tolerance and photoacclimation suggest that Synechococcus A belongs to picocyanobacteria found in summer below surface waters, while Synechococcus B represents picocyanobacteria found throughout the year at all depths. Photoacclimation to high light as shown in M. homosphaera cultures, may account for the relatively high abundance of picoeukaryotes in surface waters in Lake Kinneret.
saturated photosynthesis -P max (Fisher et al., 1989) or minimal quanta requirement for O 2 evolution -Quantum yield of photosynthesis max and adjustment of dark respiration rate . Changes also occur in ultrastructure , in the absorption cross-section of phytoplankton in water normalized to chlorophyll a (Chl a; k c ) (Dubinsky, 1992; Schanz et al., 1997) , in the in vivo spectrally averaged Chl a-specific absorption cross-section (a*), and in cell pigment content and composition (Falkowski and Owens, 1980) . Algae photoacclimate by increasing their cellular chlorophyll at low light, through changes in the numbers of PSU (Raps et al., 1983) and/or in PSU size (Falkowski and Owens, 1980; Dubinsky et al., 1986) . Furthermore, some phytoplankton, such as cyanobacteria, can photoacclimate not only to different photon flux densities, but also to different light spectral qualities (chromatic adaptation) (Post et al., 1986; Falkowski and LaRoche, 1991) .
Optimal growth temperatures for cyanobacteria are generally higher than those observed for green algae and diatoms (Fahnenstiel and Carrick, 1992; Stockner, 1991) . It was suggested that because the solubility and availability of CO 2 decrease at high temperature, growth of cyanobacteria with high affinity to CO 2 is enhanced (Shapiro, 1990) . In contrast, picoeukaryotes in freshwater and marine environments are usually favoured by cooler temperatures (Fahnenstiel et al., 1991; Stockner, 1991) .
The goals of this work were to examine the responses of picophytoplankton cultures to different environmental factors (light and temperature) and to relate these responses to observations of the seasonal and depth distributions of picophytoplankton in Lake Kinneret.
M E T H O D Study site
Lake Kinneret is a warm monomictic freshwater lake, situated at 210 m below sea level, in northern Israel (Serruya, 1978) . Its surface area is 168 km 2 , with a total water volume of about 4 ϫ 10 9 m 3 and mean and maximum depths of 25 and 40 m, respectively. The lake is strongly stratified from about May to December with maximum epilimnetic and hypolimnetic temperatures of 29°C and 14°C, respectively. The hypolimnion is anoxic with high concentrations of sulphide (5.0-9.0 mg l -1 ) and ammonia (0.5-1.3 mg l -1 N-NH 3 ). Homothermy, following a wind driven overturn in the autumn, occurs between late December and February, with a minimum water temperature of 13°C. In most years from 1965 to 1995, there was a prominent algal bloom of the dinoflagellate Peridinium gatunense in late winter and spring, followed by summer-autumn phytoplankton consisting mainly of nanoplanktonic chlorophytes, with a low proportion of cyanobacteria (Berman et al., 1998) . No information about picophytoplankton in this Lake was available prior to 1991 (Malinsky-Rushansky and Berman, 1991) .
Cultures
Two monoalgal non-axenic picocyanobacterial cultures were isolated from the lake and grown in BG11 medium (Stanier et al., 1971) . The cells appeared as coccoid rods with ~ 1 µm diameter and a biovolume of 0.523 µm 3 . They were identified by epifluorescence, scanning and transmission electron microscopy (TEM) as two distinct strains of Synechococcus sp. (Syn. A and Syn. B; Waterbury and Hickel, personal communication) .
A Chlorella-like picoeukaryote (Hickel, persoal communication) , with ~ 2 µm diameter coccoid cells and a biovolume of 4.18 µm 3 , was isolated and grown in axenic cultures in BG11 medium and subsequently identified as Mychonastes homosphaera by Hanagata et al. (Hanagata et al., 1999) .
Light acclimation experiments
From exponential phase cultures grown in BG11 medium at 50 µmol photons m -2 s -1 and 20°C, a 5 ml inoculum was transferred to 500 ml BG11 (in duplicate) and grown at photon flux densities (PFD) ranging from 0 to 700 µmol photons m -2 s -1 . Samples were taken for cell counts and Chl a measurements. Growth rates (µ, divisions day -1 ) were calculated from
where N 0 and N 1 are the cell numbers at the beginning and at the end of the exponential growth phase, respectively, and t 1 -t 0 is the duration of the phase in days. To characterize the influence of PFD on photosynthesis, we generated Photosynthesis versus Energy (P/E) curves (Talling, 1976) . The photosynthetic parameters, P max (light saturated photosynthesis rate), I E (light intensity at the onset of saturation photosynthesis) and ␣ (photosynthetic efficiency at limiting light) were calculated by [ 14 C]bicarbonate uptake in a photosynthetron (Dubinsky, 1980; Lewis and Smith, 1983) . Dark controls were subtracted from the light counts.
The effect of ultraviolet (UVA) irradiation on photosynthesis ([ 14 C]bicarbonate fixation) was measured in a separate experiment by exposing cultures in quartz glass bottles to photosynthetically available radiation (PAR) plus UVA light (fluorescent lamp) or to PAR only [bottles with a 0.1 mm vinyl chloride film, 96% opaque to wavelengths < 380 nm, (Kim and Watanabe, 1993) ]. The PFD was 298 µmol photons m -2 s -1 measured with a LI-COR quantum meter. UVA (2.3 mW cm -2 at 350 nm) was measured with a UVR-1 meter (Topcon Co.) with a UVA sensor (UVR-36).
To examine how the algae photoacclimated through changes in PSU size and/or numbers, we used the method of Schmid and Gaffron (Schmid and Gaffron, 1968) . Photosynthesis was measured by oxygen evolution with an oxygen electrode (Rank Brothers), connected to a magnifier and mV recorder . Flashes were given at 10, 20, 30, 40 and 50 Hz. The duration of each flash was 30 µs, allowing only one photoactivation process of every PSU and the flash was sufficiently intense to ensure that all PSUs were hit. From the slope of oxygen evolution against flash frequency, we calculated the numbers of oxygen molecules evolved in the sample per single turnover flash. PSU size (moles Chl a per mole O 2 ) was then calculated from oxygen evolution rates obtained in single turnover saturating flashes and the chlorophyll concentration in the sample. Numbers of PSU (cell -1 ) were calculated as (Chl a ϫ N)/(PSU size ϫ 894 ϫ 10 12 ), where Chl a is given in pg Chl a cell -1 , N is the Avogadro number (6.02 ϫ 10 23 ) and 894 is the molecular weight of Chl a Dubinsky et al., 1986) .
The absorption cross-section per unit phytoplankton normalized to Chl a (k c ), was measured by comparing light intensities passing through wet GF/F filters, after filtration of 1 to 9 ml culture volumes, according to a previously described procedure .
Pigment extraction
Chl a was extracted in 90% acetone and measured fluorometrically (Holm-Hansen et al., 1965) . Detailed pigment analysis was performed on 90% acetone extracts analysed by high-pressure liquid chromatography (HPLC) (Yacobi et al., 1996) . In Synechococcus cultures, phycobilin (phycocyanin and phycoerythrin) was measured spectrophotometrically according to MacColl and Guard-Friar (MacColl and Guard-Friar, 1983) .
Temperature responses
Duplicate cultures were grown in BG11 medium at 50 µmol photons m -2 s -1 at temperatures of 14, 20 and 28°C. Additional duplicate cultures of Syn. A, Syn. B and M. homosphaera were transferred after 8 days from 14°C to 28°C.
Cell counts
Subsamples of picophytoplankton cultures were fixed with formalin (1.6% final concentration) and counted by epifluorescence microscopy as described previously (Malinsky-Rushansky et al., 1995) .
R E S U LT S Light
Syn. A and Syn. B cultures did not grow at PFD below 10 µmol photons m -2 s -1 . Optimal growth rates for Syn. A (1.03 day -1 ) were obtained at 330 µmol photons m -2 s -1 , although the yield was highest at 60 µmol photons m -2 s -1 (Table I) . Usually, the yield decreased with increasing PFD. Growth rates in Syn. B were similar (~ 1.1 day -1 ) over a large range of PFD (30-330 µmol photons m -2 s -1 ) ( Table I) . Growth rates of M. homosphaera remained relatively high over a large range of photon fluxes (30 to 700 µmol photons m -2 s -1 ), but the yield decreased significantly at 700 PFD (Table I) . Mychonastes homosphaera did not grow below 10 µmol photons m -2 s -1 either. Chlorophyll per cell always increased as photon fluxes decreased (Table II) . In Syn. A and Syn. B grown at 10 µmol photons m -2 s -1 the ratio of phycobilins (phycocyanin and phycoerythrin) to Chl a was higher compared to those from 50 and 180 µmol photons m -2 s -1 , while the ratio of carotenoids to Chl a increased at higher PFD (Table III) (Table IV) . We observed an increase in k c with more intense PFD (Table IV) . Values of k c were similar in Syn. A and Syn. B, and higher than those observed in M. homosphaera. The changes in P max , E k and ␣, as a function of photon flux densities, are shown in Table II and in Figure 1 . Cellular photosynthetic rates increased with rising photon fluxes, until P max was reached (Figure 1 ). The P max in the picocyanobacterial cultures was highest when grown at lower photon fluxes, while no significant changes were found with M. homosphaera. The P max of M. homosphaera was about 10-fold higher than those of Syn. A and Syn. B, as may be expected from the differences in cell biomass. In all cultures, photosynthetic efficiency at limiting light (␣) increased with decreasing PFD. For M. homosphaera, ␣ was 10-fold higher than for Syn. A and Syn. B (Table II) . Assimilation numbers per cell (pg C pg Chl -1 cell -1 h -1 ) of both picocyanobacterial cultures were higher than those of M. homosphaera. Saturating light energy (E k ) ranged from 20 to 210 µmol photons m -2 s -1 for all three cultures and usually decreased with lower PFD (Table II) . Photoinhibition occurred in Syn. A and Syn. B exposed to > 300 µmol photons m -2 s -1 , but was less obvious in M. homosphaera (Figure 1) .
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In a separate experiment, the rates of photosynthetic uptake of [ 14 C]bicarbonate in cultures exposed to PAR + UVA were inhibited in Syn. A, Syn. B and M. homosphaera by 34, 44 and 36%, respectively, compared to cultures exposed to PAR only (Figure 2 ).
Temperature
Growth rates for Syn. A and Syn. B grown at 20 and at 28°C were about two-fold higher (0.9-1.2 day -1 ) than those at 14°C (Table I) . When cultures were shifted from 14°C to 28°C (after 8 days), growth was almost similar to that of the cultures grown initially at 28°C (Figure 3) .
For M. homosphaera, growth rates were highest at 14°C and at 20°C (1.0-1.2 day -1 ) ( Table I) . When cultures were transferred from 14°C to 28°C, there was a sharp decrease in cell numbers (Figure 3 ).
D I S C U S S I O N Influence of light on picophytoplankton growth
The growth rates of Synechococcus A and B observed in our experiments were within the range of those found in freshwater and marine Synechococcus cultures (Table V) . Throughout the year in Lake Kinneret we found lower net growth rates (Malinsky et al., 1995) , reflecting mortality losses in the natural environment. Values of E k for our picocyanobacterial cultures (40-110 µmol photons m -2 s -1 ) grown at 30-180 µmol photons m -2 s -1 were also within the range of those found in the lake (Malinsky et al., 1995) and similar to those reported for the nanoplanktonic cyanobacterium Chroococcus minutus (Fisher, 1987) . The low level of PFD saturation for photosynthesis (E k ) enables the cells to reach P max at relatively low light levels. In our picocyanobacterial cultures, the content of chlorophyll per cell was similar to the values found in Lake Kinneret in the picoplanktonic fraction when there was maximal abundance of picocyanobacteria, in summer-autumn (Malinsky- Rushansky et al., 1995 Rushansky et al., , 1997 . The values of cellular chlorophyll were similar to those reported for freshwater (Herzig and Dubinsky, 1986 ) and marine Synechococcus (Kana and Glibert, 1987) . Photoacclimation, as evidenced by changes in P max , ␣, E k and cell-specific Chl a, was obvious in laboratory experiments (P/E curves) with Syn. A and Syn. B. Growth rates of Syn. A were higher at high PFD, as was also found in cultures of marine phytoplankton adapted to high light levels (Falkowski, 1980) . The growth rate increase in highlight-acclimated algae is accompanied by an increase in respiration, because of the increasing metabolic cost of accelerated protein synthesis (Falkowski, 1984) . The values of cell specific P max were higher in low-lightadapted cultures of Syn. A, Syn. B and M. homosphaera, compared to cultures grown at high PFD. The same trend was found in the nanoplanktonic cyanobacteria Chroococcus and the green algae Tetraedron (Fisher, 1987) . Light utilization efficiency of Syn. A, Syn. B and M. homosphaera at limiting light (␣) increased with decreasing PFD, as was also found with Synechococcus leopoliensis (Herzig and Dubinsky, 1986) , Chroococcus (Fisher, 1987) and other marine nanoplanktonic algae (Grobbelaar et al., 1992) . The high assimilation numbers per cell, especially at lower PFD, in the picocyanobacterial cultures reflect efficient light harvesting and utilization, since ␣ per Chl, is the product of its absorption cross-section and the quantum yield. Phytoplankton react to a decline in PFD by increasing the quantity of their photosynthetic pigments but the mechanism for this reaction is not identical in all species (Falkowski, 1980) . Syn. A and Syn. B cultures, adapted to low light by increasing the cell-specific chlorophyll threefold compared to high light. Herzig and Dubinsky reported a six-fold increase in cell-specific chlorophyll at low light in Synechococcus cultures (Herzig and Dubinsky, 1986) . The increase in chlorophyll cell -1 in both Syn. A and Syn. B cultures at lower photon fluxes, was due to the increase in PSU size without change in PSU numbers. PSU size of Syn. A and Syn. B was in the range found for other nanoplanktonic cyanobacteria (e.g. Chroococcus, Microcystis, see Table V ), but in these cyanobacteria the level of chlorophyll per cell rose by increasing PSU numbers without change in PSU size (Fisher, 1987;  Thalassiora weisflogii 5.1-14 0.3-1.8 -2.2-2.9 0.004-0.01 Falkowski et al., 1985) Tetraedron minimum (Fisher et al. 1989) Forstick-Magayar, 1996) . Marine Synechococcus responded to differences in irradiance by changing both PSU number and size (Kana and Glibert, 1987) . Photoacclimation by means of increased PSU size rather than increase in number is more efficient. Under this strategy, reaction centre receive an increased flow of excitation events from a larger antenna that has a proportionally higher probability of harvesting impinging photons. Increasing the numbers of PSUs, while keeping antenna size constant does not increase photon harvesting per reaction centre, which under low photon fluxes may lead to spontaneous de-excitation.
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Cultures of Syn. A and Syn. B photoacclimated to lowered PFD not only by changing concentrations of chlorophyll per cell but also by chromatic acclimation through increase of their harvesting pigments such as phycocyanin and phycoerythrin relative to chlorophyll. These pigmentation changes were also manifested by the intense blue-green colour of cultures grown at low light. The orange colour in Syn. A, Syn. B and M. homosphaera cultures at higher irradiances resulted from the decrease in cellular chlorophyll together with an increase in carotenoid content, as was suggested by Raps et al. for other algae (Raps et al., 1983) . Carotenoids are probably more effective in photoprotection than in light harvesting, as is the case of ␤-carotene in Dunaliella bardawil and astaxanthin in Haematococcus pluvialis (Ben-Amotz et al., 1989; Fan et al., 1994) . Photoacclimation to very high irradiances was also found together with chromatic acclimation in cultures of marine Synechococcus (Kana and Glibert, 1987; Falkowski and LaRoche, 1991) . Photosynthesis in Syn. A and Syn. B cultures was inhibited at > 300 µmol photons m -2 s -1 . In the lake we observed that the peaks of picocyanobacteria generally occur only below 2 m depth (Malinsky- Rushansky et al., 1995) . This distribution may result from light inhibition at near surface depths.
Our experiments with M. homosphaera cultures confirmed that this organism could maintain rapid growth at high PFD (330-700 µmol photons m -2 s -1 ). This characteristic may explain the observation of maximal concentrations of picoeukaryotes in Lake Kinneret in winter-spring in the upper waters together with the Peridinium bloom. Growth rates of M. homosphaera in culture were similar to those of Syn. B, but three-fold lower than those reported for a small (2.25 µm) marine Chlorella in a coral reef near Townsville (Thin and Griffiths, 1985) . In M. homosphaera cultures the range for E k (20-110 µmol photons m -2 s -1 ) corresponded to the values found in the lake, but was lower than that for Chlorella (Thin and Griffiths, 1985) and for the nanoplanktonic green alga Tetraedron (Fisher, 1987) . The cellular content of chlorophyll in M. homosphaera was ~10-fold higher than in our picocyanobacterial cultures, as could be expected from the differences in cell size, and was within the range of the values found in Lake Kinneret in the < 3 µm phytoplankton fraction in winter-spring when picoeukaryotes were abundant. When PFD decreased, we found an increase in ␣ as well as a decrease in E k , similar to that reported for other nanoplanktonic algae Dubinsky et al., 1986) . Cell specific chlorophyll of M. homosphaera increased 1.5-fold from high to low PFD. In nanoplanktonic green algae, a greater increase of cellular chlorophyll (four-to 10-fold) was observed reflecting higher photoacclimation capability in these algae (Falkowski, 1980; Fisher et al., 1989) . The increase in chlorophyll cell -1 of M. homosphaera at low PFD was due to the increase in PSU numbers without change in size, similarly to other nanoplanktonic eukaryotes Fisher et al., 1989) . There was no significant relationship in M. homosphaera between P max and PFD, or between Chl b and lutein to Chl a ratio at different PFD. We observed no photoinhibition in M. homosphaera grown at PFD of > 700 µmol photons m -2 s -1 . This could be reflected by the higher numbers of picoeukaryotes usually found in the near surface water in Lake Kinneret (Malinsky-Rushansky et al., 1995) .
Although the rise in chlorophyll per cell at low PFD increased light absorption by photoacclimated algae, the change in absorption was not linearly related to that of cellular chlorophyll content, because of a decreasing Chl a-specific absorption cross-section (k c ) (Dubinsky, 1992) . In all our picophytoplankton cultures, at low PFD, intracellular self-shading caused a decrease in k c , presumably as a result of more dense and stacked thylakoids . This effect was clearly evident in TEM micrographs of both Synechococcus A and B grown at 10 µmol photons m -2 s -1 compared to 170-500 µmol photons m -2 s -1 . Low-PFD-adapted cultures of M. homosphaera showed larger chloroplasts with dense thylakoids and starch granules compared to cells grown at higher PFD (MalinskyRushansky and Berner, unpublished results). Other authors found that Synechococcus cells grown at relatively low light also showed pronounced differences in the extent of thylakoid surface area ( Johnson and Sieburth, 1979; Kana and Glibert, 1987) .
Values of k c in Synechococcus A and B were in the range of those found for other strains of Synechococcus (Herzig and Dubinsky, 1986) and were higher than for M. homosphaera. In other works, k c decreased in smaller cells and nanoplanktonic cyanobacteria showed higher k c values than nanoplanktonic eukaryotes (Table V) . These results reinforce the conclusion of Kirk (Kirk, 1983 ) that k c increases as cell size decreases, and gives a competitive advantage in light absorption to smaller algae (Chisholm, 1992) . In addition, algae compensate for low irradiance levels by reducing carbon content and cell volume (Post et al., 1984; Sukenik et al., 1989) , which increases light absorption, and permits nutrients to be taken up more efficiently due to the higher cell surface to cell volume ratio (Kirk, 1983; Chisholm, 1992) . We observed in TEM micrographs, that both Synechococcus and M. homosphaera cells were larger when grown at high PFD than at low PFD. Furthermore, some cells of Syn. A were deformed at high PFD with folds in the cell wall (Malinsky-Rushansky and Berner, unpublished results).
Exposure of Syn. A, Syn. B and M. homosphaera to UVA reduced photosynthesis by about 40% compared to control cultures. Some authors have reported that UVA was a major factor in inhibiting freshwater phytoplankton photosynthesis in situ (Edmondson, 1956; Buhlmann et al., 1987) . Kim and Watanabe found that when subsurface samples of Lake Nakanuma were incubated at the surface, strong inhibition by UVA (56%) was found with phytoplankton from greater depths compared to that of the surface phytoplankton (17%) (Kim and Watanabe, 1995) . The authors suggested that surface phytoplankton became UVA acclimated after continuous exposure to UVA. Probably a small part of the photoinhibiton in surface water of Lake Kinneret is due to UVA, but the influence of UVA appears to be minimal in this lake (Y. Yehoshua, personal communication) and most of the photoinhibition is due to PAR.
Influence of temperature on picophytoplankton growth
We have previously observed that picocyanobacteria were most abundant in Lake Kinneret during the period of high temperatures in summer-autumn (MalinskyRushansky et al., 1995) . Similarly, optimal growth of picocyanobacteria in our cultures was at high temperatures (28°C). At 14°C (winter lake temperatures), the growth rates of Syn. A and Syn. B were much lower compared to those at 20°C and 28°C, although for Syn. B the yield increased after 10 days. Growth rates increased significantly when Syn. A and Syn. B were transferred from lower to higher temperatures. Possibly, Syn. B belongs to the picocyanobacteria found in Lake Kinneret throughout the year, while Syn. A, together with Cyanodiction (Hickel and Pollingher, 1988) , contribute to the maximum picocyanobacterial concentrations found in summer and autumn (Malinsky-Rushansky et al., 1995) . In the Baltic Sea, the picoplankton fraction, dominated by picocyanobacteria, showed strongest growth response to temperature with higher photosynthetic efficiency compared to micro-and nanoplankton, suggesting that the algal succession was strongly influenced by temperature (Andersson et al., 1994) .
Growth rates of M. homosphaera were maximal at 14°C, while at higher temperatures or after transferring cultures from low to high temperatures, growth was slower. This response is consistent with our observations that in Lake Kinneret picoeukaryotes were found in winter and spring when temperatures were low (14-18°C), but not in summer and autumn when temperatures were higher (~ 28°C) (Malinsky-Rushansky et al., 1995) .
From our experiments, we can conclude that temperature is a dominant factor influencing the seasonal dynamics of both picocyanobacteria and picoeukaryotes in Lake Kinneret. The vertical distribution of the picophytoplankton is probably controlled by acclimation to different light conditions. Differences in temperature tolerance and photoacclimation suggest that Syn. A belongs to picocyanobacteria found in summer below surface waters (> 2 m), while Syn. B represents picocyanobacteria found throughout the year at all depths. Temperature is the major factor influencing the annual distribution of the picoeukaryotes, which are characterized by winter maxima and absence in summer. Photoacclimation to high PFD, as shown in M. homosphaera cultures, may account for the relatively high abundance of picoeukaryotes in surface waters in Lake Kinneret.
